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(57) Techniques are provided for estimating optimal 
atrioventricular delay values for use in pacing the ventri- 
cles. Both the intrinsic inter-atrial conduction delay and 
the intrinsic atrioventricular conduction delay are deter- 
mined for the patient and then the preferred atrioventricu- 
lar pacing delay is derived therefrom. By taking into ac- 
count intrinsic inter-atrial delay along with intrinsic atrio- 
ventricular delay, it is believed that a more reliable esti- 
mate of the true optimal atrioventricular delay values for 
the patient can be achieved than with techniques that 
only take into account intrinsic atrioventricular delay val- 
ues. In one example, the technique uses intracardiac 
electrogram (IEGM) signals and surface electrocardio- 
gram (EKG) signals and hence can be performed by an 
external programmer without requiring Doppler echocar- 
diography or other cardiac performance monitoring tech- 
niques. In another example, wherein the implanted de- 
vice is equipped with a coronary sinus lead, the technique 
uses only IEGM signals and hence can be performed by 
the device itself. 
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Description 

[0001] The invention generally relates to implantable cardiac stimulation devices for use in pacing the heart of a patient 
and in particular to techniques for determining optimal atrioventricular delay times for individual patients. 

5 [0002] Implantable cardiac stimulation devices, particularly pacemakers and implantable cardioverter defibrillators 
(ICDs), are usually configured to be used in conjunction with an external programmer that enables a physician to program 
the operation of an implanted device to, for example, control the specific parameters by which the pacemaker detects 
arrhythmia conditions and responds thereto. For instance, the physician may specify the sensitivity with which the 
pacemaker or ICD senses electrical signals within the heart and also specify the amount of electrical energy to be 

10 employed in pacing pulses or defibrillation shocks. Another common control parameter is the A-VP delay, which for dual 
chamber devices specifies the time delay between a paced or sensed (i.e. native) atrial event and a paced ventricular 
event. Additionally, the external programmer may be configured to receive and display a wide variety of diagnostic 
information detected by the implantable device, such as intracardiac electrogram (IEGM) signals sensed by the device, 
as well as diagnostic data from other sources, such as surface electrocardiogram (EKG) devices. 

15 [0003] Herein, "A" is generally used to refer to atrial events, whether paced or sensed. "V" is used to generally refer 
to ventricular events, whether paced or sensed. In circumstances where it is necessary to distinguish between paced 
and sensed events, an "S" or "P" is appended. Hence, AS refers to a sensed atrial event, whereas AP refers to paced 
atrial event. VS refers to a sensed ventricular event, whereas VP refers to a paced ventricular event. A-VP represents 
the delay between either a paced or sensed atrial event, and a paced ventricular event. In addition, where appropriate, 

20 an "L" or "R" subscript is employed to distinguish between the left and right chambers of the heart. For example, AP R 
refers to a paced event in the right atrium. VS R refers to a sensed event in the right ventricle. Hence, AP R -VS R represents 
the delay between a paced event in the right atrium and a sensed event in the right ventricle. Sensed events are also 
referred to herein as depolarizations as they are representative of electrical depolarization of myocardial tissue. Paced 
events are also referred to herein as evoked responses. Paced events in the atria are triggered by A-pulses. Paced 

25 events in the ventricles are triggered by V-pulses. Finally, the term "intrinsic delay", as used herein, refers to the delay 
between a paced or sensed event in one chamber and a subsequent depolarization in another chamber. For example, 
an "intrinsic atrioventricular delay" refers to the delay between a paced or sensed atrial event and a subsequent sensed 
ventricular event, e.g. an AS-VS or AP-VS delay. An "intrinsic inter-atrial delay" refers to the delay between a paced or 
sensed event in one atrial chamber and a subsequent sensed event in the other atrial chamber, e.g. an AS R -AS L or 

30 AP R -AS L . 

[0004] For many patients, particularly those with congestive heart failure (CHF), it is desirable to identify a set of control 
parameters that will yield optimal cardiac performance (also referred to as hemodynamic performance). Cardiac per- 
formance is a measure of the overall effectiveness of the cardiac system of a patient and is typically represented in 
terms of stroke volume or cardiac output. Stroke volume is the amount of blood ejected from the left ventricle during 

35 systole in a forward direction. Cardiac output is the volume of blood pumped by the left ventricle per minute (or stroke 
volume times the heart rate). In view of the importance of maintaining optimal cardiac performance, especially for patients 
with compromised cardiac function, it would be desirable to provide improved techniques for use with pacemakers or 
ICDs for identifying pacing control parameters that optimize cardiac performance, particularly to reduce the degree of 
heart failure and valvular regurgitation. It is to this end that aspects of the invention are generally directed. 

40 [0005] It is particularly desirable to identify A-VP delay values providing the best cardiac performance. In normal 
patients, the electrical conduction through the AV node is intact, and the body automatically adjusts the delay via the 
circulating hormones and the autonomic nervous system according to its physiologic state. It is well known, for example, 
that in normal patients the intrinsic AS-VS delay shortens with increasing heart rate associated with a physiologic stress 
such as exercise. For patients with abnormal AV node conduction or complete heart block, a pacemaker can control the 

45 A-VP pacing delay by delivering a ventricular pacing pulse at a software-controlled delay after an atrial pace or atrial 
sensed event. Since the optimum A-VP delay varies from person to person, this parameter should be optimized on an 
individual basis. 

[0006] Conventionally, the physician attempts to program the A-VP delay (or other parameters) for a given patient by 
using an external programmer to control the device implanted within the patient to cycle through a set of different A-VP 

so delay values. For each value, the implanted device paces the heart of the patient for at least a few minutes to permit 
hemodynamic equilibration, then the physician records a measure of the resulting cardiac performance, measured, for 
example, using Doppler echocardiography. The A-VP delay value that yields the best cardiac performance is then 
selected and programmed into the device. However, this is a time consuming and potentially expensive procedure. As 
a result, some physicians do not bother to optimize A-VP delay in many of their patients. Rather, A-VP delay is merely 

55 set to a default value and is adjusted only if the patient does not respond well to pacing therapy or complains that they 
do not feel well. Hence, many patients are not paced at their particular optimal A-VP delay value and thus do not obtain 
the maximal potential benefit from the improved cardiac performance that could be gained with the optimal A-VP delay. 
Moreover, even in circumstances wherein A-VP delay is optimized by the physician using, for example, Doppler echocar- 
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diography, the time and associated costs are significant. In addition, the optimal A-VP delay for a particular patient may 
change with time due to, for example, progression or regression in CHF, changes in medications, and/or changes in 
overall fitness. However, with conventional optimization techniques, the A-VP delay is re-optimized, if at all, only during 
specially scheduled follow-up sessions with the physician to allow access to the noninvasive testing equipment such as 

5 Doppler-echocardiography, which may be months or perhaps years apart. 

[0007] Accordingly, it is would be highly desirable to provide improved techniques for more easily and reliably deter- 
mining optimal or otherwise preferred A-VP delay values for a particular patient. At minimum, such techniques should 
be designed so as to be performed by an external programmer using only IEGM data received from the implanted device 
along with otherwise routine surface EKG data, so that Doppler echocardiography or other expensive and time consuming 

10 cardiac performance monitoring techniques are not required. Moreover, depending upon the implanted device and its 
leads, the improved techniques should be designed so as to be performed by the implanted device itself, without even 
surface EKG data. The latter technique would permit the optimal A-VP delay to be frequently and automatically updated 
so as to respond to changes within the patient. It is to these ends that aspects to the invention are more specifically directed. 
[0008] Note that some techniques have been proposed for determining an optimal A-VP delay value based on IEGM 

15 data. For example, it has been proposed that the A-VP delay be set to A-VP = 0.7 A - VS R - 55 ms. Although this allows 
the A-VP pacing delay to be set automatically by the implanted device, it is not believed that the formula reliably provides 
the optimal delay value for many patients. In particular, the formula only takes into account the intrinsic delay from the 
atria to the right ventricle (A-VS R ) but does not take into account the intrinsic inter-atrial delay or the intrinsic delay from 
the atria to the left ventricle, which the present inventors believe can significantly affect the optimal A-VP delay in at 

20 least some patients. In addition, it is desirable to separately determine optimal delay values for paced and sensed events, 
i.e. separate values for AS-VP and for AP-VP. Accordingly, still other aspects of the invention are directed to providing 
improved optimization techniques that take into account intrinsic inter-atrial delay, intrinsic delay times to both the left 
and right ventricles, and which provide separate optimal delay values based on paced and sensed atrial events. 
[0009] According to the invention, there is provided a system for use in delivering cardiac pacing therapy to the heart 

25 of a patient in which an implantable cardiac stimulation device is implanted, the system comprising: means for determining 
an inter-atrial conduction delay for the patient; means for determining an intrinsic atrioventricular conduction delay for 
the patient; means for determining a atrioventricular delay value for use in pacing based on the inter-atrial conduction 
delay and the intrinsic atrioventricular conduction delay; and means for pacing the ventricles of the patient using the 
atrioventricular delay value. 

30 [0010] Preferably, the atrioventricular delay value comprises a AS-VP delay for use in pacing the ventricles subsequent 
to an intrinsic atrial depolarization and a AP-VP delay value for use in pacing the ventricles subsequent to an atrial pacing 
pulse. Preferably, the means for determining the inter-atrial conduction delay for the patient comprises: means for 
determining a width of an electrical atrial event; and means for deriving the inter-atrial conduction delay from the width 
of the atrial event. 

35 [0011] The invention also extends to a method for determining an atrioventricular delay value for use in delivering 
cardiac pacing therapy to the heart of a patient in which an implantable cardiac stimulation device is implanted, the 
method comprising: determining an inter-atrial conduction delay for the patient; determining an intrinsic atrioventricular 
conduction delay for the patient; and determining an atrioventricular delay value for use in pacing based on the inter-atrial 
conduction delay and the intrinsic atrioventricular conduction delay. 

40 [0012] The method may also comprise delivering pacing therapy using the implantable cardiac stimulation device 
subject to the atrioventricular delay value. 

[0013] Preferably, determining the width of the atrial event comprises: inputting an atrial intracardiac electrogram 
(A-IEGM) signal derived from a lead implanted within the atria of the patient; inputting a surface electrocardiogram (EKG) 
signal derived from leads mounted externally on the patient; determining a value representative of the duration of an 
45 atrial event detected within the A-IEGM signal; and adjusting the value based on a comparison of the A-IEGM signal 
and the EKG signal. 

[0014] Preferably, the atrial event is representative of an intrinsic atrial depolarization or of an atrial evoked response. 
Preferably, the means for determining the intrinsic atrioventricular conduction delay for the patient comprises: means 
for measuring an intrinsic conduction delay following an atrial electrical event propagating from the atria to the left ventricle 
so (A-VS L ); means for measuring an intrinsic conduction delay following the atrial electrical event propagating from the 
atria to the right ventricle (A-VS R ); and means for evaluating the intrinsic atrioventricular delay based on a comparison 
of A-VS L and A-VS R . Preferably, evaluating the intrinsic A-VS delay based on a comparison of A-VS L and A-VS R is 
performed by selecting the shorter of the A-VS L and A-VS R values. 

[0015] Preferably, the means for determining the atrioventricular delay value based on the inter-atrial conduction delay 
55 and the intrinsic atrioventricular conduction delay comprises: meansfordeterminingafirst candidate delay value (AS-VP.,) 
based on the inter-atrial conduction delay in combination with the intrinsic atrioventricular delay derived from sensed 
atrial events; means for determining a second candidate delay value (AS-VP 2 ) based on the inter-atrial conduction delay 
derived from sensed atrial events; and means for evaluating a AS-VP delay based on a comparison of AS-VP 1 and 
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AS-VP 2 . 

[001 6] Preferably, evaluating the AS-VP delay based on a comparison of AS-VP 1 and AS-VP 2 is performed by selecting 
among: AS-VP^ AS-VP 2 , and the shorter of the AS-VP 1 and AS-VP 2 values. 

[0017] Preferably, the means for determining atrioventricular pacing delay values based on the inter-atrial conduction 

5 delay and the intrinsic atrioventricular conduction delay comprises: means for determining a first candidate delay value 
(AP-VP.,) based on the inter-atrial conduction delay in combination with the intrinsic atrioventricular delay derived from 
paced atrial events; means for determining a second candidate delay value (AP-VP 2 ) based on the inter-atrial conduction 
delay derived from paced atrial events; and means for evaluating a AP-VP delay based on a comparison of AP-VP 1 and 
AP-VP 2 . Preferably, the system includes an external programmer arranged to determine the atrioventricular delay value, 

10 based on IEGM signals received from the implantable device and surface EKG signals received from a surface EKG 
device. Preferably, the atrioventricular delay value is transmitted to the implantable device for use therein. 
[0018] Preferably, the implanted device determines the atrioventricular delay value based on IEGM signals. The 
atrioventricular delay value may be adjusted based on current patient heart rate. Adjusting the atrioventricular delay 
value based on patient heart rate may be performed by applying a scaling factor (P) to a AS-VP delay value wherein the 

15 scaling factor is based on current heart rate and a rest rate. 

[0019] Preferably, the means for determining an inter-atrial conduction delay for the patient comprises detecting the 
end of at least one atrial event in an A-IEGM signal by: means for detecting the onset of the atrial event in the A-IEGM 
signal; means for opening a detection window within the A-IEGM signal; means for setting positive and negative threshold 
values; means for identifying a last point in time within the detection window at which the A-IEGM signal falls outside 

20 the threshold values; and means for identifying the last point in time as being the end of the atrial event. 

[0020] The invention also extends to an atrioventricular delay value for use in delivering cardiac pacing therapy to the 
heart of a patient in which an implantable cardiac stimulation device is implanted, the system comprising: a telemetry 
unit operative to receive atrial and ventricular intracardiac electrogram (IEGM signals) from the implanted device; a 
surface electrocardiogram (EKG) input unit operative to receive surface EKG signals; and a programmer-based atriov- 

25 entricular delay optimization system operative to determine an inter-atrial conduction delay for the patient based on a 
comparison of atrial IEGM signals and surface EKG signals, determine an intrinsic atrioventricular conduction delay for 
the patient based on the atrial and ventricular IEGM signals, and to then determine an atrioventricular pacing delay value 
based on the inter-atrial conduction delay and the intrinsic atrioventricular conduction delay. 
[0021] The invention also extends to a method comprising: 

determining a value related to a duration of right and left atrial activity; 

determining an intrinsic atrioventricular conduction delay; and determining an atrioventricular delay value for use in 
pacing based on the value and the intrinsic atrioventricular conduction delay. 

35 [0022] Preferably, the atrioventricular delay value comprises a AS-VP delay for use in pacing the ventricles subsequent 
to an intrinsic atrial depolarization and a AP-VP delay value for use in pacing the ventricles subsequent to an atrial pacing 
pulse. Preferably, determining the value related to duration of the right and left atrial activity comprises: determining a 
width of an electrical atrial event; and deriving an inter-atrial conduction delay from the width of the atrial event. Preferably, 
determining the atrioventricular delay value is performed by an external programmer based on IEGM signals received 

40 from an implantable device and surface EKG signals received from a surface EKG device. 

[0023] In accordance with the invention, techniques are provided for determining preferred or optimal atrioventricular 
(A-VP) delay values for use in delivering cardiac pacing therapy to the heart of a patient in which an implantable cardiac 
stimulation device is implanted. Briefly, both an intrinsic inter-atrial conduction delay and an intrinsic atrioventricular 
conduction delay are determined for the patient. Then, the preferred A-VP delay for use with the patient is determined 

45 based on the intrinsic inter-atrial delay in combination with the intrinsic atrioventricular delay. By taking into account 
intrinsic inter-atrial delay along with intrinsic atrioventricular delay, it is believed that a more reliable estimate of the true 
optimal A-VP delay values for the patient can be achieved than with techniques that only take into account intrinsic 
atrioventricular delay values. Moreover, the intrinsic inter-atrial delay can be determined based on a combination of 
IEGM signals and surface EKG signals or, if the device is equipped with the appropriate leads for separately sensing 

so left and right atrial IEGM signals, then the intrinsic inter-atrial delay can be determined based solely on IEGM signals. 
Hence, the preferred A-VP delay can readily be determined either by an external programmer based on IEGM signals 
and surface EKG signals or, if the so equipped, by the implanted device itself based only on IEGM signals. In either 
case, cardiac performance monitoring techniques such as Doppler echocardiography are not required. 
[0024] In one example, wherein the implanted device is not equipped to sense both left and right atrial IEGM signals, 

55 intrinsic inter-atrial delay values are determined based on a comparison of atrial IEGM signals derived from the right 
atrium and a corresponding surface EKG signals. More specifically, separate intrinsic inter-atrial delay values are de- 
termined for atrial sensed events and atrial paced events. For sensed atrial events, the intrinsic inter-atrial delay (AS R -AS L ) 
is determined by taking the width of a sensed atrial depolarization ("AS W | DTH ") as it appears within the A-IEGM signal 
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and adding an correction value ("AS CORRECT | ON ") that is equal to the time difference between the end of the atrial 
depolarization of the A-IEGM signal and the end of the corresponding P-wave of the surface EKG. For paced atrial 
events, the intrinsic inter-atrial delay (AP R -AS L ) for a base pacing rate is determined by taking the width of an atrial 
evoked response ("AP W | DTH ") as it appears within the A-IEGM signal and adding a correction value that is equal to the 
5 time difference between the end of the evoked response of the A-IEGM signal and the end of the corresponding P-wave 
of the surface EKG. Preferably, both the paced and sensed intrinsic inter-atrial delay values are averaged over some 
suitable number of events, preferably at least 10 - 20 within a predefined rate range. 

[0025] Meanwhile, intrinsic atrioventricular delay values are determined based on a comparison of A-IEGM signals 
and left and right ventricular IEGM signals ("V L -IEGM" and "V R -IEGM", respectively), again for both paced and sensed 

10 atrial events. For a sensed event, an intrinsic atrioventricular delay value for the left ventricle (AS-VS L ) is determined 
based on the time delay between the peak of a sensed atrial depolarization in the A-IEGM signal and the peak of the 
corresponding sensed QRS complex in the V L -IEGM signal, or between other consistent reference points. Typically, the 
A-IEGM signal is sensed in the right atrium and so the calculated atrioventricular delay value represents AS R _VS L , though 
the delay value may instead be derived from an A-IEGM signal sensed in the left atrium or may be based on a combined 

15 left and right A-IEGM signal. Likewise, an intrinsic atrioventricular delay value for the right ventricle (AS-VS R ) is determined 
based on the time delay between the peak of the atrial depolarization and the peak of the corresponding QRS complex 
in the V R -IEGM signal, or between other consistent reference points. The smaller of the AS-VS L and AS-VS R delay 
values is then selected to represent AS-VS for the purposes of calculating a preferred value for AS-VP. Similar procedures 
are followed to derive a single value for AP-VS for use in calculating a preferred value for AP-VP using the peak of an 

20 evoked response in the A-IEGM signal and the peaks of QRS complexes in the left and right V-IEGM signals, or other 
consistent reference points. Preferably, the derived values for AS-VP and AP-VP are separately averaged over some 
minimum number of events, again typically at least 10 — 20 within a predefined rate range. Multiple assessments may 
be made of sensed and paced atrial events with respect to ventricular conduction at various rate ranges. 
[0026] Finally, preferred AS-VP and AP-VP delay values are separately calculated. To calculate a preferred value for 

25 AS-VP, an offset value is specified based on the width of the atrial depolarization of the A-IEGM signal (i.e. based on 
AS W | DTH .) If the width exceeds a threshold value of 100 milliseconds (ms), the offset is set to 30 ms. Otherwise, the 
offset is set to 60 ms. Other appropriate threshold and offset values maybe used. Then, a pair of candidate AS-VP delay 
values (AS-VP., and AS-VP 2 ) is determined as follows: 



AS-VP, = a * ((AS-VS) - (AS-AS)) + ASwidth 



35 

AS-VP 2 = AS-AS + offset 



where a is a predetermined coefficient set to, for example, 0.5. 
40 The smaller of the two candidate values is then selected as the preferred AS-VP delay value for use with ventricular 
pacing. Alternatively, either just AS-VP 1 or AS-VP 2 is calculated or selected. The preferred AS-VP delay value may 
thereafter be adjusted based on intrinsic heart rate. 

[0027] To calculate a preferred value for AP-VP, a different threshold is used for specifying the offset. If the width of 
the evoked response in the atria exceeds a threshold value of 120 ms, the offset is set to 30 ms. Otherwise, the offset 
45 is set to 60 ms. Again, other appropriate threshold and offset values may be used. Then, a pair of candidate AP-VP 
delay values (AP-VP 1 and AP-VP 2 ) is determined as follows: 



AP-VP 1 = a * ((AP-VS) - (AP-AS)) + APwidth 



AP-VP 2 = AP-AS + offset 

55 

where a is the same predetermined coefficient. 

The smaller of the two candidate values is then selected as the preferred AP-VP delay value for use with ventricular 
pacing. Again, alternatively, either just AP-VP 1 or AP-VP 2 is calculated or selected. The preferred AP-VP delay value 
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may thereafter be adjusted based on current pacing rate. 

[0028] It is believed that the preferred AS-VP and AP-VP delay values calculated in this manner represent optimal 
delay values in that the values tend to maximize ventricular filling so as to maximize cardiac performance. However, 
even if the delay values differ from true optimal values, they nevertheless represent preferred delay values likely to 
5 improve ventricular filling. Preferably, both delay values (AS-VP and AP-VP) are calculated and used. Alternatively, a 
preferred AS-VP value could be calculated and used in conjunction with an AP-VP value selected using otherwise 
conventional techniques, or vice versa. 

[0029] Thus, for implantable devices not equipped to sense both left and right atrial IEGM signals, preferred A-VP 
delay values are determined based on a comparison of IEGM signals and surface EKG signals. The determination is 
10 preferably performed by an external programmer, with the preferred delay values then reviewed by a physician then 
downloaded to the implanted device for use therein. 

[0030] For implantable devices equipped to sense both left and right atrial IEGM signals, the determination of preferred 
A-VP delay values is instead made based only IEGM signals without need for surface EKG signals. As with the foregoing 
technique, separate intrinsic inter-atrial delay values are determined for atrial sensed events and atrial paced events. 

15 For sensed atrial events, an intrinsic AS R -AS L delay is determined by measuring the time delay between the end of an 
atrial depolarization as it appears within a right atrial IEGM signal and the end of the same atrial depolarization as it 
appears within a left atrial IEGM signal derived, for example, from a coronary sinus (CS) lead having a left atrial electrode. 
For paced atrial events, the intrinsic inter-atrial delay is determined by measuring the time delay between the end of an 
evoked response as it appears within the right atrial IEGM signal and the end of the same evoked response as it appears 

20 within the left atrial IEGM signal. Intrinsic atrioventricular delay values (i.e. AS-VS and AP-VSdelay values) aredetermined 
using the same techniques as summarized above. Preferred AS-VP and AP-VP delay values are derived, again using 
the same techniques as summarized above. Since the determination of the preferred AS-VP and AP-VP delay values 
is made without requiring a surface EKG, the determination is preferably performed by the implanted device itself rather 
than the external programmer. The determination is repeated as often as needed to update the AS-VP and AP-VP delay 

25 values to respond to possible changes within the patient. 

[0031] Thus, improved techniques are provided for more easily and reliably determining preferred A-VP delay values 
for a particular patient. As noted, one exemplary technique is performed by an external programmer using only IEGM 
data received from the implanted device along with otherwise routine surface EKG data, and so Doppler echocardiography 
or other expensive and time consuming cardiac performance monitoring techniques are not required. The other exemplary 

30 technique is performed by the implanted device itself, without requiring surface EKG data, thus permitting the preferred 
A-VP delay values to be frequently and automatically updated. Moreover, both techniques take into account the intrinsic 
inter-atrial delay of the patient as well as intrinsic A-VS L and A-VS R delay values, providing for a more reliable estimate 
of the optimal A-VP delay values than techniques that utilize only right-sided measurements (A-VS R values). Moreover, 
as noted, separate values are determined for AS-VP and AP-VP delays to provide for further optimization. 

35 [0032] The above and further features, advantages and benefits of the invention will be apparent upon consideration 
of the present description taken in conjunction with the accompanying drawings, in which: 

[0033] FIG. 1 is a flow chart providing an overview of techniques provided in accordance with the invention for identifying 
preferred A-VP delay values based on both intrinsic inter-atrial delay values and intrinsic atrioventricular delay values; 
[0034] FIG. 2 is a flow chart illustrating an exemplary technique for identifying preferred A-VP delay values in accord- 
40 ance with the general techniques of FIG. 1 for use with an implantable device not equipped to sense both left and right 
atrial IEGM signals; 

[0035] FIG. 3 is a flow chart illustrating an exemplary technique for determining intrinsic inter-atrial delay values based 
on atrial IEGM signals and surface EKG signals for use with the technique of FIG. 2; 

[0036] FIG. 4 is a flow chart illustrating an exemplary technique for determining intrinsic atrioventricular delay values 
45 for use with the technique of FIG. 2; 

[0037] FIG. 5 is a flow chart illustrating an exemplary technique for determining optimal A-VP delay values based on 

the intrinsic inter-atrial and intrinsic atrioventricular delay values for use with the technique of FIG. 2; 

[0038] FIG. 6 is a flow chart illustrating an exemplary technique for adjusting optimal A-VP delay values based on 

heart rate or pacing rate for use with the technique of FIG. 2; 
so [0039] FIG. 7 is a graph illustrating an exemplary technique for detecting the end of an atrial event for use with the 

techniques of FIGS. 3 - 4; 

[0040] FIG. 8 is a flow chart illustrating an alternative exemplary technique for identifying optimal A-VP delay values 
in accordance with the general techniques of FIG. 1 but for use with an implantable device equipped to sense both left 
and right atrial IEGM signals; 

55 [0041] FIG. 9 is a flow chart illustrating an exemplary technique for determining intrinsic inter-atrial delay values based 
on left and aright atrial IEGM signals for use with the technique of FIG. 8; 

[0042] FIG. 10 is a simplified diagram illustrating an implantable stimulation device for use in implementing techniques 
of FIGS. 1 - 9; 



6 



EP 1 629 863 A1 



[0043] FIG. 1 1 is a functional block diagram of internal components of the implantable device of FIG. 1 1 ; and 
[0044] FIG. 12 is a functional block diagram of an external programmer device for use in implementing techniques of 
FIGS. 1 -9. 

[0045] Briefly, an overview of the A-VP delay optimization techniques of invention will first be provided with reference 
5 to FIG. 1. Then, exemplary techniques for use within an implantable system not equipped to sense both left and right 
atrial IEGM signals will described with reference to FIGS. 2 - 7. Next, an exemplary embodiment for use with an implanted 
device equipped to sense both left and right atrial IEGM signals will be described with reference to FIGS. 8 and 9. Finally, 
details of an exemplary implanted device and an exemplary external programmer will be provided with reference to 
FIGS. 10 - 12. 

10 

Overview of Techniques for Determining Preferred A-VP Delay 

[0046] Within FIG. 1 , at step 100, the intrinsic inter-atrial conduction delay for the patient is determined. The intrinsic 
inter-atrial conduction delay represents the propagation time delay for electrical signals conducted from one atrium to 

15 the other via myocardial tissue. In other words, it is time in which "near field" signals are conducted via myocardial tissue 
from one atrium to the other. If the device is equipped to sense both left and right atrial IEGM signals, this determination 
may be made by sensing a single atrial electrical event (either a native atrial depolarization or an evoked response within 
the atria) within both the left and right atria and then measuring the time difference there-between. Otherwise, this 
determination is instead made based upon examination of the width of an atrial event (again either a native atrial 

20 depolarization or an atrial evoked response) in combination with a P-wave sensed using a surface EKG. Here, the term 
P-wave refers to the feature of the surface EKG that corresponds to an atrial depolarization or atrial evoked response 
appearing in the A-IEGM signal. Typically, the P-wave differs in shape and width from the corresponding feature of the 
A-IEGM. Next, at step 102, the intrinsic atrioventricular conduction delay is determined for the patient. The intrinsic 
atrioventricular delay represents the time delay for electrical signals to be conducted from the atria to the ventricles via 

25 myocardial tissue, i.e. it is time in which "near field" signals are conducted via myocardial tissue from the atria to the 
ventricles. This determination may be made by detecting atrial electrical events and subsequent intrinsic ventricular 
depolarization events using implanted leads. As will be explained below, separate intrinsic atrioventricular delay values 
may be determined for the left and right ventricles. Once both the intrinsic inter-atrial delay and atrioventricular delay 
values have been determined then, at step 104, preferred or optimal A-VP pacing delay values are determined based 

30 upon the intrinsic delay values. 

[0047] By taking into account the intrinsic inter-atrial delay as well as the intrinsic atrioventricular delay, preferred or 
optimal A-VP delay values can be reliably determined without requiring complicated conventional techniques such as 
the use of Doppler echocardiography and the like. Depending upon whether the device is equipped to sense both left 
and right atrial IEGM signals, the steps of FIG. 1 maybe performed by the implanted device (FIGS. 10-11) itself or may 

35 be performed in part by the implanted device and in part by an external programmer (FIG. 12). For implementations in 
which the entire determination is performed by the implanted device, the preferred or optimal A-VP delay values can 
thereby be recalculated as often as needed, based upon newly sensed atrial and ventricular IEGM signals, to update 
the A-VP delay values to maintain them at optimal values. Even in implementations where an external programmer is 
employed (i.e. implementations that utilize a surface EKG to aid in the determination of the intrinsic inter-atrial delay), 

40 substantial benefits are still gained as compared to conventional A-VP delay optimization techniques requiring Doppler 
echocardiography or the like. In particular, during routine follow-up sessions between patient and physician, the optimal 
or preferred A-VP delay can be easily recalculated and reprogrammed based only upon electrical cardiac signals sensed 
by the implanted device in combination with a surface EKG. By eliminating the need for Doppler echocardiography the 
like, costs are reduced and the physician is more likely to properly optimize the A-VP delay rather than merely set them 

45 to default or other arbitrary values. Hence, the patient benefits from improved cardiac performance. 

Optimization Technique for use with Surface EKG 

[0048] Referring now to FIG. 2, an exemplary technique for use with an implanted system that is not equipped to 
so sense both left and right atrial IEGM signals will now be described. The intrinsic inter-atrial delay is therefore estimated 
based on comparison of electrical cardiac signals sensed by the device in combination with surface EKG signals. Hence, 
the determination of the preferred or optimal A-VP delay is performed, in this implementation, by software operating 
within the external programmer. Within FIG. 2, steps performed by the external programmer are shown the left; steps 
performed by the implanted device are shown on the right. Beginning at step 200, the external programmer generates 
55 a surface EKG based upon signals received from the leads externally mounted on the chest of the patient. (In FIG. 2, 
the surface EKG leads are not separately shown.) Simultaneously, at step 202, the implanted device senses electrical 
cardiac signals via leads implanted in the heart of the patient. More specifically, the implanted device senses at least 
one atrial channel IEGM signal (A-IEGM) and separate left and right ventricular channel IEGM signals (V L -IEGM and 
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V R -IEGM) using otherwise conventional sensing techniques. At step 204, the implanted device transmits the A-IEGM, 
V L -IEGM and V R -IEGM signals to the external programmer using conventional telemetry techniques. Other data may 
be transmitted as well, such as event marker data identifying events detected within the IEGM signals. Steps 202 and 
204 are performed in a loop to continuously or periodically transmit the data from implanted device to the external 

5 programmer, which receives and processes data along with the contemporaneous surface EKG signals. 

[0049] At step 206, the external programmer determines the intrinsic inter-atrial conduction delay based on comparison 
of the surface EKG and the A-IEGM signals. This is described in more detail below with reference to FIG. 3. At step 
208, the external programmer then determines the intrinsic atrioventricular conduction delay based upon a comparison 
of A-IEGM, V L -IEGM and V R -IEGM signals received from the implanted device. This is described in greater detail below 

10 with reference to FIG. 4. Note that, depending upon the particular types of data transmitted by the implanted device, the 
external programmer may receive data specifying the intrinsic atrioventricular conduction delay directly from the implanted 
device so that the external programmer need not perform this calculation itself. In any case, at step 210, the external 
programmer then determines the separate preferred AS-VP and AP-VP delay values based on a comparison of the 
intrinsic inter-atrial delay and the intrinsic atrioventricular delay and transmits these values to the implanted device. This 

15 determination will be described below in greater detail with reference to FIG. 5. The preferred AS-VP and AP-VP delay 
values are received by the implanted device at step 212, which stores the values therein. Before applying the preferred 
delay values during pacing, the implanted device adjusts the values the based upon current intrinsic heart rate or current 
pacing rate so as to optimize the delay values for the particular rate. Adjustment of the delay values based on rate is 
described with reference to FIG. 6. Finally, at step 214, the implanted device paces the heart of the patient in accordance 

20 with otherwise conventional pacing techniques using the rate-adjusted AS-VP and AP-VP delay values. In this manner, 
improved cardiac performance may be obtained. 

[0050] The steps performed by the external programmer of FIG. 2 are performed under the control of a physician or 
other medical professional who can review the preferred AS-VP and AP-VP delay values determined by the external 
programmer, verify that they are within acceptable bounds, and adjust if desired. In addition, the physician may use 

25 otherwise conventional techniques to verify that the preferred AS-VP and AP-VP delay values provide for an improved 
stroke volume. It is anticipated that the steps of FIG. 2 will be performed by physicians during an initial programming 
session and during subsequent follow-up sessions with the patient. Hence, if the optimal AS-VP and AP-VP values for 
the particular patient change, perhaps as a result of progression or regression of heart disease or the administration of 
medications, the optimal delay values calculated by the external programmer can be periodically updated by repeating 

30 the steps of FIG. 2. 

[0051] FIG. 3 provides an example of a technique for determining the intrinsic inter-atrial delay for use at step 206 of 
FIG. 2. The specific technique depends upon whether the atrial events are paced or sensed. Processing of sensed 
events is shown on the left side of FIG. 3; processing of paced events is shown on the right side. Considering sensed 
events first, at step 216, the external programmer first determines the width of a sensed intrinsic atrial depolarization 

35 within the A-IEGM signal (i.e. AS W | DTH ). This width may be determined within the A-IEGM signal by identifying the 
beginning and end of the atrial depolarization. Otherwise conventional detection techniques may be employed to detect 
the beginning of the event. An improved technique for detecting the end of the events is described below with reference 
to FIG. 7. Note also that, if the implanted device is configured to provide a value indicative of the width of an atrial 
depolarization, then the external programmer need not repeat this determination at step 216 and may instead simply 

40 use the value provided by the implanted device. 

[0052] Next, at step 218, the external programmer determines the difference, if any, between the end of the atrial 
depolarization within the A-IEGM signal and the end of the corresponding P-wave in the surface EKG signal. This 
difference is referred to herein as AS C0RRECT | 0N . The value detected for the end of the atrial depolarization for use at 
step 216 may be also used at step 218. Otherwise conventional techniques may be employed for determining the end 

45 of the P-wave within the surface EKG. In any case, the external programmer subtracts one time value from the other to 
determine the correction value. Note that, with suitable choice of EKG lead, the end of the P-wave within the surface 
EKG should always occur after the end of a corresponding atrial depolarization sensed within the A-IEGM signal and 
hence the correction value will be a positive value. If a negative correction value is nevertheless detected, it is preferably 
discarded as being erroneous or as being the result of anomalous conditions. 

so [0053] At step 220, the external programmer then calculates a value for the intrinsic inter-atrial delay for sensed atrial 
events (i.e. AS R _AS L ) by adding AS W | DTH and AS CORRECT | ON as follows: 



AS-AS - ASwiDTH + AScORRECTION. 

55 

[0054] This provides one value for the intrinsic inter-atrial delay based on one sensed atrial depolarization. Preferably, 
the external programmer averages intrinsic inter-atrial delay values over multiple atrial depolarizations, preferably at 
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least 10 or 20. 

[0055] For paced events, the external programmer performs a similar sequence of steps using the evoked response 
triggered by an A-pulse. Beginning at step 224, the external programmer determines the width of the evoked response 
within the A-IEGM channel signal received from the implanted device. The width of the evoked response is referred to 

5 herein as AP W | DTH . The width is determined by identifying the beginning and the end of an individual evoked response. 
The techniques described below for FIG. 7 and may be employed to identify the end of the evoked response. Conventional 
techniques may be used to detect the beginning of the event. In addition, as with sensed events, if the implanted device 
itself provides a value for AP W | DTH then the external programmer need not repeat this determination and can instead 
use the value provided by the implanted device. At step 226, the external programmer then compares the surface EKG 

10 and the A-IEGM signal and determines the difference between the end of the evoked response within the A-IEGM signal 
and the end of the corresponding P-wave in the surface EKG signal. This difference is referred to herein as AP C0RRECT | 0N . 
At step 228, the AP W | DTH and the AP C0RRECT | 0N values are then added to yield a value for the intrinsic inter-atrial delay 
for the paced event using the following equation: 

15 

AP-AS = APwiDTH + AP CORRECTION- 



[0056] This provides one intrinsic AP-AS value based on one atrial evoked response. Preferably, at step 230, the 

20 external programmer averages multiple AP-AS values over multiple evoked responses, preferably at least 10 or 20. 
[0057] Hence, upon completion of the steps of FIG. 3, the external programmer has calculated an averaged AS-AS 
value and an average AP-AS value. (Note that it may be necessary for the external programmer to control the implanted 
device to selectively pace the atria and selectively allow the atria to beat intrinsically, so as to insure that the A-IEGM 
signal includes both evoked responses as well as intrinsic atrial depolarizations.) 

25 [0058] Also, note that techniques have been developed for emulating a surface EKG using internal electrical cardiac 
signals. See, for example, U.S. Patent Application Serial Number 10/735,948 of Kil era/., filed December 12, 2003, 
entitled "System and Method for Emulating a Surface EKG Using Internal Cardiac Signals Sensed by an Implantable 
Medical Device". See also, U.S. Patent Application Serial No. 10/334,741 to Kroll et ai, entitled "System and Method 
for Emulating a Surface EKG Using Implantable Cardiac Stimulation Device", filed Dec. 30, 2002. If the implanted device 

30 is capable of reliably emulating a surface EKG, then steps 218 and 226 may be performed using the emulated surface 
EKG signals rather than actual surface EKG signals. If so, a surface EKG need not be employed, allowing the external 
programmer to determine the intrinsic inter-atrial conduction delay based entirely upon signals sensed by the implanted 
device, i.e. the external programmer uses the P-wave from the emulated surface EKG to correct the width of the atrial 
events within the A-IEGM. Alternatively, the implanted device itself may utilize the emulated surface EKG to make the 

35 determination, thus allowing the device to automatically and directly optimize the A-VP delay without the use of an 
external programmer. In such an implementation, it is nevertheless desirable for the physician to periodically review the 
optimal AS-VP and AP-VP delay values identified by the implanted device to verify that they are within acceptable ranges. 
Additionally, predetermined acceptable ranges may be programmed into the implantable device such that, should be 
device identify delay values outside the ranges, the device can be programmed to then instead utilize default delay 

40 values, pending review by a physician during a subsequent follow-up session. 

[0059] Referring now to FIG. 4, an exemplary technique for determining the intrinsic atrioventricular delay for use at 
step 208 of FIG. 2 will now be described. As with the technique of FIG. 3, the specific steps of FIG. 4 depend upon 
whether atrial events are sensed or paced. For sensed events, at step 232, the external programmer identifies the peak 
of the intrinsic atrial depolarization by examining the A-IEGM signal. The peak is referred to herein as AS PEAK . Otherwise 

45 conventional techniques may be employed for identifying the peak of the atrial depolarization. If the implanted device 
itself is capable of identifying the peak and transmits that data to the external programmer, then the external programmer 
need not repeat this determination and may instead use value provided by the implanted device. At step 234, the external 
programmer identifies the peak of the subsequent intrinsic ventricular depolarization within the left ventricular IEGM 
signal ("VS L _ PEAK ".) At step 236, the peak of intrinsic ventricular depolarization within the right ventricular IEGM signal 

so channel is also identified (VS R _ PEAK ".) Again, if the implanted device is capable of providing this information, the external 
programmer need not repeat the determination. In any case, at step 238, the programmer then calculates intrinsic 
atrioventricular delay values for both the left and right ventricles based on AS PEAK , VS L _ PEAK , and VS R _ PEAK : 



55 
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AS-VSr = ASreak- VSr.peak. 



[0060] At step 240, the programmer then selects the smaller of the two intrinsic AS-VP delay values, which is thereafter 
used as the AS-VS value for the purposes of calculating the optimal AS-VP. Alternatively, either AS-VL L or AS-VL R is 
selected as the AS-VS value. 



AS-VS = MIN ( AS-VSl, AS-VSr ) 



[0061] Note that the use of the peaks of the atrial and ventricular depolarizations is merely an example. Other consistent 
reference points may instead be used, such as the beginning or end of a depolarization. 

If the implanted device does not include sensing leads in both left and right ventricles, then only a single VS peak value 
is identified and the AS-VS value is calculated based on the single peak VS value in combination with the peak of the 
atrial depolarization. In any case, steps 232 - 240 provide for calculation of a single AS-VS value. Preferably, at step 
242, AS-VS values are averaged over multiple intrinsic heartbeats, preferably at least 10 or 20. 
[0062] A similar sequence of steps performed in connection with paced atrial beats. Briefly, beginning at step 244, 
the external programmer identifies the peak of an evoked response within the A-IEGM signal (AP PEAK ). At step 246 and 
248, peaks within the corresponding ventricular depolarization, as sensed with the left and right ventricles are identified. 
Steps 250 and 252 are performed to calculate a single intrinsic AP-VS value using the following equations: 



AP-VS L = APpEAK-VS L .p EAK 



AP-VSr = APpEAK " VSr-PEAK 



AP-VS = MIN ( AP-VSl, AP-VSr). 

[0063] As noted above, the use of peaks within the atrial and ventricular signals is merely exemplary. Other consistent 
reference points may instead be used. 

[0064] At step 254, AP-VS values for multiple evoked responses are averaged together to yield an averaged AP-VS 
value for subsequent use. As with the determination of the intrinsic inter-atrial delay, it may be necessary for the external 
programmer to control the device to selectively pace the atria and to selectively allow the atrial to beat intrinsically so 
as to generate data for both paced and sensed atrial events. Note also that the calculations performed within FIG. 4 use 
only IEGM signals and do not require surface EKG signals. Accordingly, the steps of FIG. 4 may be performed by the 
implanted device itself, with the resulting average intrinsic AP-VS delay values then transmitted to the external program- 
mer for storage and processing therein. 

[0065] Referring to FIG. 5, an exemplary technique for use at step 21 0 of FIG. 2 will be described for use in determining 
optimal AS-VP and AP-VP delay values based upon data generated by the techniques of FIGS. 3 and 4. To calculate 
an optimal AS-VP, beginning at step 256, the external programmer first specifies an offset value based upon the average 
width of intrinsic atrial events sensed within the A-IEGM signal, i.e. based upon AS W | DTH . If AS W | DTH is greater than a 
predetermined width-based threshold W 1 (e.g. 120 ms), then the offset value is set to (e.g. 30 ms.) If AS W | DTH is less 
than or equal to W 1 , then the offset is instead set to T 2 (e.g. 60 ms.) The following equations summarize this determination: 

Offset = 30 ms if ASwidth > 1 20 ms 



Offset = 60 ms otherwise. 
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[0066] The values for T-, and T 2 are merely exemplary values. Routine experimentation may be performed to 
identify optimal values for these parameters for use with the techniques invention. Then, at step 258, the programmer 
calculates a first candidate AS-VP delay value based upon the intrinsic atrioventricular delay and intrinsic inter-atrial 
delay values already calculated for sensed events as follows: 



AS-VP!= a * ((AS-VS) - (AS-AS)) + ASwidth. 



[0067] In the foregoing, the coefficient a is a programmable value set to, for example, 0.5. Routine experimentation 
may be performed to identify optimal values for a for use with the techniques invention. At step 260, the external 
programmer calculates a second candidate AS-VP delay value, this time based upon only the intrinsic inter-atrial delay 
value and the aforementioned offset (i.e. the atrioventricular delay value is not used): 



AS-VP 2 = AS-AS + Offset. 



[0068] At step 262, the preferred or optimal AS-VP delay is then determined by selecting the smaller of the two 
candidate values as follows: 



AS-VP = MIN{AS-VP 1r AS-VP 2 ). 



[0069] It is believed that this value represents the optimal AS-VP delay for achieving optimal cardiac performance. At 
the very least, it represents a preferred AS-VP delay. Alternatively, if desired, the external programmer may be pro- 
grammed to simply select either the first candidate value or the second candidate value, or to average the values together. 
The various values may be presented to the physician who is then prompted to select one of the candidate values. 
[0070] Thus, steps 256-262 operate to determine a preferred or optimal AS-VP delay value. This value is transmitted 
to the implanted device, which uses value to time the delivery of ventricular pacing pulses following intrinsic atrial events 
in accordance with otherwise conventional techniques. 

[0071] Similar steps are performed to identify an optimal or preferred AP-VP delay value. Briefly, at step 264, the 
external programmer again defines an offset value, this time based upon the average width of an evoked response and 
using a different threshold value. If AP W , DTH is greater than a predetermined width-based threshold W 2 (e.g. 100 ms), 
then the offset value is set to T 1 (e.g. 30 ms.) If AP W | DTH is less than or equal to W 2 , then the offset is instead set to T 2 
(e.g. 60 ms.) The following equations summarize this determination: 

Offset = 30 ms if AP W | D th > 1 00 ms 



Offset = 60 ms otherwise. 

[0072] The values for W 2 , T 1 and T 2 are merely exemplary values. Routine experimentation may be performed to 
identify optimal values for these parameters for use with the techniques invention. Then, at steps 266 and 268, a pair 
of candidate AP-VP delay values is derived using the following equations (which exploit the AP-AS and AP-VS values 
calculated using techniques of FIGS. 3 and 4): 



AP-VP 1= a * ((AP-VS) - (AP-AS)) + APwidth 



AP-VP 2 = AP-AS + Offset. 
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[0073] The coefficient a may be same as used above for AS-VP, i.e. 0.5, or may differ. Routine experimentation may 
be performed to identify an optimal value of a. Finally, at step 270, a single preferred AP-VP delay value s selected from 
the pair candidate values as follows: 



AP-VP = MIN ( AP-VP 1f AP-VP 2 ). 

[0074] It is believed that this value represents the optimal A-VP delay for achieving optimal cardiac performance at a 
10 base pacing rate. At the very least, it represents a preferred AP-VP delay for the base pacing rate. Alternatively, if 
desired, the external programmer may be programmed to simply select either the first candidate value or the second 
candidate value, or to average the values together. The various values may be presented to the physician who is then 
prompted to select one of the candidate values. The selected value of the AP-VP delay is transmitted to the implanted 
device, which uses the value to time delivery of ventricular pacing pulses following paced atrial events in accordance 
15 with otherwise conventional techniques. 

[0075] For pacing rates that are not at a base rate or for intrinsic rates that are not at a rest rate, the optimal AP-VP 
and AS-VP delay values are automatically adjusted by the implantable device using the technique FIG. 6. Again, the 
particular steps be performed depend upon whether atrial events are paced or sensed. For sensed events, step 272 is 
performed, wherein the AS-VP pacing delay value is adjusted as follows: 

20 

Rate Adjusted AS-VP = p * (AS-VP) 



25 where p = current heart rate / rest rate. 

[0076] For paced events in atria, the AP-VP value is adjusted, at step 274, as follows: 



Rate Adjusted AP-VP = p * (AP-VP) 

where p = current pacing rate / base rate. 

[0077] Referring now to FIG. 7, a technique for detecting the end of atrial events (i.e. either atrial depolarizations or 
evoked responses) will briefly be described. This technique may be used, for example, at step 21 6 of FIG. 3 for identifying 

35 the end of an intrinsic atrial depolarization. The technique is also used at step 224 of FIG. 3 for determining the end of 
an evoked response. However, the technique FIG. 7 may be used in other circumstances, as needed. 
[0078] Within a FIG. 7, an atrial depolarization 276 within an atrial sense channel signal is shown along with a corre- 
sponding A-IEGM signal 278. An interrupt is triggered upon detection of the onset of the atrial event. Once the interrupt 
occurs, a detection window 279 is opened on the A-IEGM channel, with low positive and negative threshold levels (280 

40 and 282, respectively), which may be, e.g., set to 0.1 mV and -0.1 mV, respectively. The detection window may be, for 
example, 200 ms in duration. So long as the amplitude of the signal on the A-IEGM channel is greater than the positive 
threshold or is less than the negative threshold, the corresponding time value is recorded. This time value is overwritten 
each time of the signal is found to have exceeded threshold values. The last time value 284 during the detection window 
wherein the signal is outside the threshold values is identified as the end of the atrial depolarization event. Alternatively, 

45 rather than search forward through the detection window to identify the last point at which the signal is outside the 
threshold values, the device may instead search backwards through the window to find the same point. In any case, a 
similar technique is used to detect the end of an evoked response 286 following an atrial paced event 288. With a paced 
event, the detection window commences immediately upon delivery of the atrial pulse. Within the figure, only a single 
detection window is shown, though different windows having different start times and durations may be separately 

so opened for paced and sensed events. 

Optimization Technique for use without Surface EKG 

[0079] What have been described thus far are techniques for determining preferred or optimal atrioventricular delay 
55 values for use with implantable systems not equipped to sense both left and right atrial IEGM signals. As explained, the 
inter-atrial delay is estimated based upon the width of atrial events sensed within the right atrium in combination with a 
correction value derived from the P-wave of the surface EKG. For systems that include a sensing electrode in the left 
atrium (such as systems employing CS leads), the inter-atrial delay may be more easily obtained simply by comparing 
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signals sensed within the left and right atria. These techniques shall be described with reference to FIGS. 8 - 9. Many 
of the steps of FIGS. 8 - 9 are similar to those of figures FIGS. 2 - 7 and will not be described in detail. Whereas the 
techniques of FIGS. 2 - 7 are performed by an external programmer using signals received from the implanted device 
and from a surface EKG unit, the steps performed for the technique of FIGS. 8 - 9 may be performed entirely by the 

5 implanted device, since a surface EKG is not required. 

[0080] Referring to FIG. 8, beginning at step 300, the implanted device senses left and right atrial and ventricular 
IEGM signals (A L -IEGM, A R -IEGM, V L -IEGM, and V R -IEGM) via leads implanted in the heart, with the A L -IEGM signal 
sensed via electrodes in the left atrium, such as between left atrial ring electrode 427 and the device can of FIG. 10. (If 
electrode 427 is a bipolar electrode, then a separate return electrode is not required.) At step 302, the implanted device 

10 determines the intrinsic inter-atrial conduction delay by examining A L -IEGM and A R -IEGM signals, using a technique to 
be described below with reference to FIG. 9. At step 304, the implanted device determines the intrinsic atrioventricular 
conduction delay based upon a comparison of the A R -IEGM signals and the left and right ventricular IEGM signals, using 
the technique already described above with reference to FIG. 4. At step 306, the device then determines preferred or 
optimal AS-VP and AP-VP delay values based on the intrinsic inter-atrial conduction delay and the intrinsic atrioventricular 

15 conduction delay, using the techniques already described above with reference to FIG. 5. As before, the preferred AS-VP 
and AP-VP delay values are adjusted based upon the current rate, at step 308, using the techniques of FIG. 6. Finally, 
at step 310, the device paces the ventricles of the patient using the rate-adjusted AS-VP and AP-VP delays. 
[0081] Determination of the intrinsic inter-atrial conduction delay for use with a device equipped to sense both left and 
right atrial IEGM signals will now be described with reference to FIG. 9. As with the various techniques discussed above, 

20 processing depends upon whether atrial events are sensed or paced. Referring first to sensed events, beginning at step 
312, the implanted device determines the end of an intrinsic atrial depolarization within the A R -IEGM signal. The end of 
the intrinsic atrial depolarization as sensed within the right atrium is referred to herein as AS R . END . At step 314, the 
implanted device then determines the end of the same atrial depolarization event within an A L -IEGM signal. Herein, the 
end of the intrinsic atrial depolarization in the A L -IEGM signal is referred to as AS L . END . The techniques of FIG. 7 may 

25 be used to identify the ends of the atrial event within steps 312 and 314. 

[0082] At step 31 6, the implanted device then calculates the intrinsic inter-atrial delay for the sensed atrial event using 
the following equation: 



ASl-ASr - ASl-end - ASr-end. 



[0083] At step 318, the device averages individual inter-atrial delays over multiple sensed depolarizations, preferably 
at least 10 to 20. 

35 [0084] A similar sequence of steps is used in connection with paced events in the atria. Briefly, at step 320, the 
implanted device determines the end of an evoked response within the right atrium. Then, at step 322, device determines 
the end of the same evoked response within the left atrial IEGM. At step 324, device calculates the inter-atrial delay for 
the evoked response using the following equation: 

40 

AP L -AS R = APl-end - APr. E nd 



[0085] At step 326, the device averages inter-atrial delay values for multiple paced events, again preferably at least 
45 10 or 20. 

[0086] Thus, upon completion of steps of FIG. 9, the device has calculated separate average intrinsic inter-atrial delay 
values for both sensed and paced atrial events, which are then used within the technique of FIG. 5 to determine optimal 
or preferred AS-VP and AP-VP delay values, as has already described. 

[0087] What have been described thus far are various techniques for determining preferred or optimal AS-VP and 
so AP-VP delay values for use by an implantable cardiac stimulation device. Depending upon the implementation, the 
determination techniques are performed by the implanted device itself or by an external programmer. For the sake of 
completeness, detailed descriptions of exemplary implantable cardiac stimulation devices and external programmers 
will now be described. 

55 Exemplary Pacer/I CD 

[0088] With reference to FIGS. 10 and 11, a description of an exemplary pacer/ICD will now be provided. FIG. 10 
provides a simplified block diagram of the pacer/ICD, which is a dual-chamber stimulation device capable of treating 
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both fast and slow arrhythmias with stimulation therapy, including cardioversion, defibrillation, and pacing stimulation. 
To provide atrial chamber pacing stimulation and sensing, pacer/ICD 410 is shown in electrical communication with a 
heart 41 2 by way of a left atrial lead 420 having an atrial tip electrode 422 and an atrial ring electrode 423 implanted in 
the atrial appendage. Pacer/ICD 410 is also in electrical communication with the heart byway of a right ventricular lead 

5 430 having, in this embodiment, a ventricular tip electrode 432, a right ventricular ring electrode 434, a right ventricular 
(RV) coil electrode 436, and a superior vena cava (SVC) coil electrode 438. Typically, the right ventricular lead 430 is 
transvenously inserted into the heart so as to place the RV coil electrode 436 in the right ventricular apex, and the SVC 
coil electrode 438 in the superior vena cava. Accordingly, the right ventricular lead is capable of receiving cardiac signals, 
and delivering stimulation in the form of pacing and shock therapy to the right ventricle. 

10 [0089] To sense left atrial and ventricular cardiac signals and to provide left chamber pacing therapy, pacer/ICD 41 0 
is coupled to a CS lead 424 designed for placement in the "CS region" via the CS os for positioning a distal electrode 
adjacent to the left ventricle and/or additional electrode(s) adjacent to the left atrium. As used herein, the phrase "CS 
region" refers to the venous vasculature of the left ventricle, including any portion of the CS, great cardiac vein, left 
marginal vein, left posterior ventricular vein, middle cardiac vein, and/or small cardiac vein or any other cardiac vein 

15 accessible by the CS. Accordingly, an exemplary CS lead 424 is designed to receive atrial and ventricular cardiac signals 
and to deliver left ventricular pacing therapy using at least a left ventricular tip electrode 426, left atrial pacing therapy 
using at least a left atrial ring electrode 427, and shocking therapy using at least a left atrial coil electrode 428. With this 
configuration, biventricular pacing can be performed. Although only three leads are shown in FIG. 10, it should also be 
understood that additional stimulation leads (with one or more pacing, sensing and/or shocking electrodes) may be used 

20 in order to efficiently and effectively provide pacing stimulation to the left side of the heart or atrial cardioversion and/or 
defibrillation. 

[0090] A simplified block diagram of internal components of pacer/ICD 410 is shown in FIG. 11. While a particular 
pacer/ICD is shown, this is for illustration purposes only, and one of skill in the art could readily duplicate, eliminate or 
disable the appropriate circuitry in any desired combination to provide a device capable of treating the appropriate 
25 chamber(s) with cardioversion, defibrillation and pacing stimulation as well as providing for the aforementioned apnea 
detection and therapy. 

[0091] The housing 440 for pacer/ICD 410, shown schematically in FIG. 11, is often referred to as the "can", "case" 
or "case electrode" and may be programmably selected to act as the return electrode for all "unipolar" modes. The 
housing 440 may further be used as a return electrode alone or in combination with one or more of the coil electrodes, 

30 428, 436 and 438, for shocking purposes. The housing 440 further includes a connector (not shown) having a plurality 
of terminals, 442, 443, 444, 446, 448, 452, 454, 456 and 458 (shown schematically and, for convenience, the names of 
the electrodes to which they are connected are shown next to the terminals). As such, to achieve right atrial sensing 
and pacing, the connector includes at least a right atrial tip terminal (A R TIP) 442 adapted for connection to the atrial tip 
electrode 422 and a right atrial ring (A R RING) electrode 443 adapted for connection to right atrial ring electrode 423. 

35 To achieve left chamber sensing, pacing and shocking, the connector includes at least a left ventricular tip terminal (V L 
TIP) 444, a left atrial ring terminal (A L RING) 446, and a left atrial shocking terminal (A L COIL) 448, which are adapted 
for connection to the left ventricular ring electrode 426, the left atrial ring electrode 427, and the left atrial coil electrode 
428, respectively. To support right chamber sensing, pacing and shocking, the connector further includes a right ven- 
tricular tip terminal (V R TIP) 452, a right ventricular ring terminal (V R RING) 454, a right ventricular shocking terminal 

40 (V R COIL) 456, and an SVC shocking terminal (SVC COIL) 458, which are adapted for connection to the right ventricular 
tip electrode 432, right ventricular ring electrode 434, the V R coil electrode 436, and the SVC coil electrode 438, respec- 

[0092] At the core of pacer/ICD 410 is a programmable microcontroller 460, which controls the various modes of 
stimulation therapy. As is well known in the art, the microcontroller 460 (also referred to herein as a control unit) typically 

45 includes a microprocessor, or equivalent control circuitry, designed specifically for controlling the delivery of stimulation 
therapy and may further include RAM or ROM memory, logic and timing circuitry, state machine circuitry, and I/O circuitry. 
Typically, the microcontroller 460 includes the ability to process or monitor input signals (data) as controlled by a program 
code stored in a designated block of memory. The details of the design and operation of the microcontroller 460 are not 
critical to the invention. Rather, any suitable microcontroller 460 may be used that carries out the functions described 

so herein. The use of microprocessor-based control circuits for performing timing and data analysis functions are well known 
in the art. 

[0093] As shown in FIG. 11, an atrial pulse generator 470 and a ventricular pulse generator 472 generate pacing 
stimulation pulses for delivery by the right atrial lead 420, the right ventricular lead 430, and/or the CS lead 424 via an 
electrode configuration switch 474. It is understood that in order to provide stimulation therapy in each of the four 
55 chambers of the heart, the atrial and ventricular pulse generators, 470 and 472, may include dedicated, independent 
pulse generators, multiplexed pulse generators or shared pulse generators. The pulse generators, 470 and 472, are 
controlled by the microcontroller 460 via appropriate control signals, 476 and 478, respectively, to trigger or inhibit the 
stimulation pulses. 
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[0094] The microcontroller 460 further includes timing control circuitry (not separately shown) used to control the timing 
of such stimulation pulses (e.g., pacing rate, atrioventricular delay, atrial interconduction (inter-atrial) delay, or ventricular 
interconduction (V-V) delay, etc.) as well as to keep track of the timing of refractory periods, blanking intervals, noise 
detection windows, evoked response windows, alert intervals, marker channel timing, etc., which is well known in the 

5 art. Switch 474 includes a plurality of switches for connecting the desired electrodes to the appropriate I/O circuits, 
thereby providing complete electrode programmability. Accordingly, the switch 474, in response to a control signal 480 
from the microcontroller 460, determines the polarity of the stimulation pulses (e.g., unipolar, bipolar, combipolar, etc.) 
by selectively closing the appropriate combination of switches (not shown) as is known in the art. Moreover, as the 
explained in greater detail below, the microcontroller transmits signals to controlling the switch to connect a different set 

10 of electrodes during a far-field overdrive pacing than during near-field overdrive pacing. 

[0095] Atrial sensing circuits 482 and ventricular sensing circuits 484 may also be selectively coupled to the right atrial 
lead 420, CS lead 424, and the right ventricular lead 430, through the switch 474 for detecting the presence of cardiac 
activity in each of the four chambers of the heart. Accordingly, the atrial (ATR. SENSE) and ventricular (VTR. SENSE) 
sensing circuits, 482 and 484, may include dedicated sense amplifiers, multiplexed amplifiers or shared amplifiers. The 

15 switch 474 determines the "sensing polarity" of the cardiac signal by selectively closing the appropriate switches, as is 
also known in the art. In this way, the clinician may program the sensing polarity independent of the stimulation polarity. 
Each sensing circuit, 482 and 484, preferably employs one or more low power, precision amplifiers with programmable 
gain and/or automatic gain control, bandpass filtering, and a threshold detection circuit, as known in the art, to selectively 
sense the cardiac signal of interest. The automatic gain control enables pacer/ICD 41 0 to deal effectively with the difficult 

20 problem of sensing the low amplitude signal characteristics of atrial or ventricular fibrillation. The outputs of the atrial 
and ventricular sensing circuits, 482 and 484, are connected to the microcontroller 460 which, in turn, are able to trigger 
or inhibit the atrial and ventricular pulse generators, 470 and 472, respectively, in a demand fashion in response to the 
absence or presence of cardiac activity in the appropriate chambers of the heart. 

[0096] For arrhythmia detection, pacer/ICD 410 utilizes the atrial and ventricular sensing circuits, 482 and 484, to 

25 sense cardiac signals to determine whether a rhythm is physiologic or pathologic. As used herein "sensing" is reserved 
for the noting of an electrical signal, and "detection" is the processing of these sensed signals and noting the presence 
of an arrhythmia. The timing intervals between sensed events (e.g., P-waves, R-waves, and depolarization signals 
associated with fibrillation which are sometimes referred to as "F-waves" or "Fib-waves") are then classified by the 
microcontroller 460 by comparing them to a predefined rate zone limit (i.e., bradycardia, normal, atrial tachycardia, atrial 

30 fibrillation, low rate VT, high rate VT, and fibrillation rate zones) and various other characteristics (e.g., sudden onset, 
stability, physiologic sensors, and morphology, etc.) in order to determine the type of remedial therapy that is needed 
(e.g., bradycardia pacing, antitachycardia pacing, cardioversion shocks or defibrillation shocks). 
[0097] Cardiac signals are also applied to the inputs of an analog-to-digital (AID) data acquisition system 490. The 
data acquisition system 490 is configured to acquire intracardiac electrogram signals, convert the raw analog data into 

35 a digital signal, and store the digital signals for later processing and/or telemetric transmission to an external device 502. 
The data acquisition system 490 is coupled to the right atrial lead 420, the CS lead 424, and the right ventricular lead 
430 through the switch 474 to sample cardiac signals across any pair of desired electrodes. The microcontroller 460 is 
further coupled to a memory 494 by a suitable data/address bus 496, wherein the programmable operating parameters 
used by the microcontroller 460 are stored and modified, as required, in order to customize the operation of pacer/ICD 

40 410 to suit the needs of a particular patient. Such operating parameters define, for example, pacing pulse amplitude or 
magnitude, pulse duration, electrode polarity, rate, sensitivity, automatic features, arrhythmia detection criteria, and the 
amplitude, waveshape and vector of each shocking pulse to be delivered to the patient's heart within each respective 
tier of therapy. Other pacing parameters include base rate, rest rate and circadian base rate. 

[0098] Advantageously, the operating parameters of the implantable pacer/ICD 410 may be non-invasively pro- 
45 grammed into the memory 494 through a telemetry circuit 500 in telemetric communication with the external device 502, 
such as a programmer, transtelephonic transceiver or a diagnostic system analyzer. The telemetry circuit 500 is activated 
by the microcontroller by a control signal 506. The telemetry circuit 500 advantageously allows intracardiac electrograms 
and status information relating to the operation of pacer/ICD 410 (as contained in the microcontroller 460 or memory 
494) to be sent to the external device 502 through an established communication link 504. Pacer/ICD 41 0 further includes 
so an accelerometer or other physiologic sensor 508, commonly referred to as a "rate-responsive" sensor because it is 
typically used to adjust pacing stimulation rate according to the exercise state of the patient. However, the physiological 
sensor 508 may further be used to detect changes in cardiac output, changes in the physiological condition of the heart, 
or diurnal changes in activity (e.g., detecting sleep and wake states) and to detect arousal from sleep. Accordingly, the 
microcontroller 460 responds by adjusting the various pacing parameters (such as rate, AS-VP delay, AP- VP delay, 
55 V-V delay, etc.) at which the atrial and ventricular pulse generators, 470 and 472, generate stimulation pulses. While 
shown as being included within pacer/ICD 41 0, it is to be understood that the physiologic sensor 508 may also be external 
to pacer/ICD 410, yet still be implanted within or carried by the patient. A common type of rate responsive sensor is an 
activity sensor incorporating an accelerometer or a piezoelectric crystal, which is mounted within the housing 440 of 
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pacer/ICD 410. Other types of physiologic sensors are also known, for example, sensors that sense the oxygen content 
of blood, respiration rate and/or minute ventilation, pH of blood, ventricular gradient, etc. 

[0099] Insofar as atrioventricular delay values are concerned, the microcontroller includes an on-board A-VP delay 
optimization unit 501 , which operates in accordance with techniques of FIG. 8 and 9 to determine preferred or optimal 
5 AS-VP and AP-VP delay values based on IEGM signals. If the device is not coupled to a CS lead or other lead capable 
of sensing in the left atria, the optimization unit 501 is deactivated and optimization of AS-VP and AP-VP is instead 
performed by an external programmer. 

[0100] The pacer/ICD additionally includes a battery 510, which provides operating power to all of the circuits shown 
in FIG. 11. The battery 510 may vary depending on the capabilities of pacer/ICD 410. If the system only provides low 

10 voltage therapy, a lithium iodine or lithium copper fluoride cell may be utilized. For pacer/ICD 41 0, which employs shocking 
therapy, the battery 510 must be capable of operating at low current drains for long periods, and then be capable of 
providing high-current pulses (for capacitor charging) when the patient requires a shock pulse. The battery 510 must 
also have a predictable discharge characteristic so that elective replacement time can be detected. Accordingly, pac- 
er/ICD 410 is preferably capable of high voltage therapy and appropriate batteries. 

15 [0101] As further shown in FIG. 11, pacer/ICD 410 is shown as having an impedance measuring circuit 512 which is 
enabled by the microcontroller 460 via a control signal 514. Herein, thoracic impedance is primarily detected for use in 
tracking thoracic respiratory oscillations. Other uses for an impedance measuring circuit include, but are not limited to, 
lead impedance surveillance during the acute and chronic phases for proper lead positioning or dislodgement; detecting 
operable electrodes and automatically switching to an operable pair if dislodgement occurs; measuring respiration or 

20 minute ventilation; measuring thoracic impedance for determining shock thresholds; detecting when the device has been 
implanted; measuring respiration; and detecting the opening of heart valves, etc. The impedance measuring circuit 120 
is advantageously coupled to the switch 74 so that any desired electrode may be used. 

[01 02] In the case where pacer/ICD 41 0 is intended to operate as an implantable cardioverter/defibrillator (ICD) device, 
it detects the occurrence of an arrhythmia, and automatically applies an appropriate electrical shock therapy to the heart 

25 aimed at terminating the detected arrhythmia. To this end, the microcontroller 460 further controls a shocking circuit 516 
by way of a control signal 518. The shocking circuit 516 generates shocking pulses of low (up to 0.5 joules), moderate 
(0.5 - 10 joules) or high energy (11 to 40 joules), as controlled by the microcontroller 460. Such shocking pulses are 
applied to the heart of the patient through at least two shocking electrodes, and as shown in this embodiment, selected 
from the left atrial coil electrode 428, the RV coil electrode 436, and/or the SVC coil electrode 438. The housing 440 

30 may act as an active electrode in combination with the RV electrode 436, or as part of a split electrical vector using the 
SVC coil electrode 438 or the left atrial coil electrode 428 (i.e., using the RV electrode as a common electrode). Cardi- 
oversion shocks are generally considered to be of low to moderate energy level (so as to minimize pain felt by the 
patient), and/or synchronized with an R-wave and/or pertaining to the treatment of tachycardia. Defibrillation shocks are 
generally of moderate to high energy level (i.e., corresponding to thresholds in the range of 5-40 joules), delivered 

35 asynchronously (since R-waves may be too disorganized), and pertaining exclusively to the treatment of fibrillation. 
Accordingly, the microcontroller 460 is capable of controlling the synchronous or asynchronous delivery of the shocking 
pulses. 

[0103] In addition, the stimulation device may be configured to perform Automatic Mode Switching (AMS) wherein the 
pacemaker reverts from a tracking mode such as a VDD or DDD mode to a nontracking mode such as VVI or DDI mode. 

40 VDD, DDD, Wl and DDI are standard device codes that identify the mode of operation of the device. DDD indicates a 
device that senses and paces in both the atria and the ventricles and is capable of both triggering and inhibiting functions 
based upon events sensed in the atria and the ventricles. VDD indicates a device that sensed in both the atria and 
ventricles but only paces in the ventricles. A sensed event on the atrial channel triggers ventricular outputs after a 
programmable delay, the pacemaker's equivalent of a PR interval. VVI indicates that the device is capable of pacing 

45 and sensing only in the ventricles and is only capable of inhibiting the functions based upon events sensed in the 
ventricles. DDI is identical to DDD except that the device is only capable of inhibiting functions based upon sensed 
events, rather than triggering functions. As such, the DDI mode is a nontracking mode precluding its triggering ventricular 
outputs in response to sensed atrial events. Numerous other device modes of operation are possible, each represented 
by standard abbreviations of this type. 

Overview of Exemplary External Programmer 

[0104] FIG. 12 illustrates pertinent components of an external programmer for use in programming an implantable 
medical device such as a pacemaker or ICD. Briefly, the programmer permits a physician or other user to program the 
55 operation of the implanted device and to retrieve and display information received from the implanted device such as 
IEGM data and device diagnostic data. Additionally, the external programmer receives and displays EKG data from 
separate external EKG leads that may be attached to the patient. Depending upon the specific programming of the 
external programmer, programmer 600 may also be capable of processing and analyzing data received from the implanted 
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device and from the EKG leads to, for example, render preliminary diagnosis as to medical conditions of the patient or 
to the operations of the implanted device. As noted, the programmer is also configured to determination preferred or 
optimal AS-VP and AP-VP delay values. 

[0105] Now, considering the components of programmer 600, operations of the programmer are controlled by a CPU 
5 602, which may be a generally programmable microprocessor or microcontroller or may be a dedicated processing 
device such as an application specific integrated circuit (ASIC) or the like. Software instructions to be performed by the 
CPU are accessed via an internal bus 604 from a read only memory (ROM) 606 and random access memory 630. 
Additional software may be accessed from a hard drive 608, floppy drive 610, and CD ROM drive 61 2, or other suitable 
permanent mass storage device. Depending upon the specific implementation, a basic input output system (BIOS) is 
10 retrieved from the ROM by CPU at power up. Based upon instructions provided in the BIOS, the CPU "boots up" the 
overall system in accordance with well-established computer processing techniques. 

[0106] Once operating, the CPU displays a menu of programming options to the user via an LCD display 614 or other 
suitable computer display device. To this end, the CPU may, for example, display a menu of specific programming 
parameters of the implanted device to be programmed or may display a menu of types of diagnostic data to be retrieved 
15 and displayed. In response thereto, the physician enters various commands via either a touch screen 616 overlaid on 
the LCD display orthrough a standard keyboard 61 8 supplemented by additional custom keys 620, such as an emergency 
Wl (EVVI) key. The EWI key sets the implanted device to a safe VVI mode with high pacing outputs. This ensures life 
sustaining pacing operation in nearly all situations but by no means is it desirable to leave the implantable device in the 
EVVI mode at all times. 

20 [0107] Once all pacing leads are mounted and the pacing device is implanted, the various devices are programmed. 
Typically, the physician initially controls the programmer 600 to retrieve data stored within any implanted devices and 
to also retrieve EKG data from EKG leads, if any, coupled to the patient. To this end, CPU 602 transmits appropriate 
signals to a telemetry subsystem 622, which provides components for directly interfacing with the implanted devices, 
and the EKG leads. Telemetry subsystem 622 includes its own separate CPU 624 for coordinating the operations of the 

25 telemetry subsystem. Main CPU 602 of programmer communicates with telemetry subsystem CPU 624 via internal bus 
604. Telemetry subsystem additionally includes a telemetry circuit 626 connected to telemetry wand 628, which, in turn, 
receives and transmits signals electromagnetically from a telemetry unit of the implanted device. The telemetry wand is 
placed over the chest of the patient near the implanted device to permit reliable transmission of data between the 
telemetry wand and the implanted device. 

30 [0108] Typically, at the beginning of the programming session, the external programming device controls the implanted 
devices via appropriate signals generated by the telemetry wand to output all previously recorded patient and device 
diagnostic information. Patient diagnostic information includes, for example, recorded IEGM data and statistical patient 
data such as the percentage of paced versus sensed heartbeats. Device diagnostic data includes, for example, infor- 
mation representative of the operation of the implanted device such as lead impedances, battery voltages, battery 

35 recommended replacement time (RRT) information and the like. Data retrieved from the implanted devices is stored by 
external programmer 600 either within a random access memory (RAM) 630, hard drive 608 or within a floppy diskette 
placed within floppy drive 610. Additionally, or in the alternative, data may be permanently or semi-permanently stored 
within a compact disk (CD) or other digital media disk, if the overall system is configured with a drive for recording data 
onto digital media disks, such as a write once read many (WORM) drive. 

40 [0109] Once all patient and device diagnostic data previously stored within the implanted devices is transferred to 
programmer 600, the implanted devices may be further controlled to transmit additional data in real time as it is detected 
by the implanted devices, such as additional IEGM data, lead impedance data, and the like. Additionally, or in the 
alternative, telemetry subsystem 622 receives EKG signals from EKG leads 632 via an EKG processing circuit 634. As 
with data retrieved from the implanted device itself, signals received from the EKG leads are stored within one or more 

45 of the storage devices of the external programmer. Typically, EKG leads output analog electrical signals representative 
of the EKG. Accordingly, EKG circuit 634 includes analog to digital conversion circuitry for converting the signals to 
digital data appropriate for further processing within programmer. Depending upon the implementation, the EKG circuit 
may be configured to convert the analog signals into event record data for ease of processing along with the event record 
data retrieved from the implanted device. Typically, signals received from the EKG leads are received and processed 

so in real time. 

[0110] Thus, the programmer receives data both from the implanted devices and from the external EKG leads. Data 
retrieved from the implanted devices includes parameters representative of the current programming state of the im- 
planted devices. Under the control of the physician, the external programmer displays the current programming param- 
eters and permits the physician to reprogram the parameters. To this end, the physician enters appropriate commands 
55 via any of the aforementioned input devices and, under control of CPU 602, the programming commands are converted 
to specific programming parameters for transmission to the implanted devices via telemetry wand 628 to thereby repro- 
gram the implanted devices. Prior to reprogramming specific parameters, the physician may control the external pro- 
grammer to display any or all of the data retrieved from the implanted devices or from the EKG leads, including displays 
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of ECGs, IEGM S , and statistical patient information. Any or all of the information displayed by programmer may also be 
printed using a printer 636. 

[0111] A wide variety of parameters may be programmed by the physician. Insofar as AS-VP and AP-VP delay values 
are concerned, the microcontroller includes a programmer-based A-VP delay optimization unit 646, which operates in 

5 accordance with technique of FIGS. 2 - 7 to determine preferred or optimal AS-VP and AP-VP delay values based on 
surface EKG signals and IEGM signals received from an implanted device. Additionally V-V delays of the implanted 
device may be adjusted to further optimize cardiac function. In one example, the V R -V L delay is first set to zero while 
the AS-VP and AP-VP delays are adjusted to achieve the best possible cardiac function (measured using any appropriate 
cardiac function measurement technique). Then, the V R -V L delay is adjusted to achieve still further enhancements in 

10 cardiac function. With atrioventricular and inter-ventricular delay values optimized, it is believed that the best possible 
cardiac function can be achieved for the patient. 

[0112] Programmer 600 also includes a modem 638 to permit direct transmission of data to other programmers via 
the public switched telephone network (PSTN) or other interconnection line, such as a T1 line or fiber optic cable. 
Depending upon the implementation, the modem may be connected directly to internal bus 604 may be connected to 

15 the internal bus via either a parallel port 640 or a serial port 642. Other peripheral devices may be connected to the 
external programmer via parallel port 640 or a serial port 642 as well. Although one of each is shown, a plurality of input 
output (10) ports might be provided. A speaker 644 is included for providing audible tones to the user, such as a warning 
beep in the event improper input is provided by the physician. Telemetry subsystem 622 additionally includes an analog 
output circuit 646 for controlling the transmission of analog output signals, such as IEGM signals output to an EKG 

20 machine or chart recorder. 

[0113] With the programmer configured as shown, a physician or other user operating the external programmer is 
capable of retrieving, processing and displaying a wide range of information received from the EKG leads or from the 
implanted devices and to reprogram the implanted devices if needed. The descriptions provided herein with respect to 
FIG. 1 1 are intended merely to provide an overview of the operation of programmer and are not intended to describe in 

25 detail every feature of the hardware and software of the device and is not intended to provide an exhaustive list of the 
functions performed by the device. 



1. A system for use in delivering cardiac pacing therapy to the heart of a patient in which an implantable cardiac 
stimulation device is implanted, the system comprising: means for determining an inter-atrial conduction delay for 
the patient; means for determining an intrinsic atrioventricular conduction delay for the patient; means for determining 
a atrioventricular delay value for use in pacing based on the inter-atrial conduction delay and the intrinsic atrioven- 

35 tricular conduction delay; and means for pacing the ventricles of the patient using the atrioventricular delay value. 

2. A system as claimed in Claim 1 , characterised in that the atrioventricular delay value comprises a AS-VP delay 
for use in pacing the ventricles subsequent to an intrinsic atrial depolarization and a AP-VP delay value for use in 
pacing the ventricles subsequent to an atrial pacing pulse. 

40 

3. A system as claimed in Claim 1 or Claim 2, characterised in that the means for determining the inter-atrial conduction 
delay for the patient comprises: means for determining a width of an electrical atrial event; and means for deriving 
the inter-atrial conduction delay from the width of the atrial event. 

45 4. A system as claimed in Claim 3, characterised in that the atrial event is representative of an intrinsic atrial depo- 
larization or of an atrial evoked response. 

5. A system as claimed in any preceding Claim, characterised in that the means for determining the intrinsic atriov- 
entricular conduction delay for the patient comprises: means for measuring an intrinsic conduction delay following 

so an atrial electrical event propagating from the atria to the left ventricle (A-VS L ); means for measuring an intrinsic 

conduction delay following the atrial electrical event propagating from the atria to the right ventricle (A-VS R ); and 
means for evaluating the intrinsic atrioventricular delay based on a comparison of A-VS L and A-VS R . 

6. A system as claimed in any preceding Claim, characterised in that the means for determining the atrioventricular 
55 delay value based on the inter-atrial conduction delay and the intrinsic atrioventricular conduction delay comprises: 

means for determining a first candidate delay value (AS-VP-,) based on the inter-atrial conduction delay in combination 
with the intrinsic atrioventricular delay derived from sensed atrial events; means for determining a second candidate 
delay value (AS-VP 2 ) based on the inter-atrial conduction delay derived from sensed atrial events; and means for 
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evaluating a AS-VP delay based on a comparison of AS-VP-^ and AS-VP 2 . 

A system as claimed in any of Claims 1 to 5, characterised in that the means for determining atrioventricular pacing 
delay values based on the inter-atrial conduction delay and the intrinsic atrioventricular conduction delay comprises: 
means for determining a first candidate delay value (AP-VP.,) based on the inter-atrial conduction delay in combination 
with the intrinsic atrioventricular delay derived from paced atrial events; means for determining a second candidate 
delay value (AP-VP 2 ) based on the inter-atrial conduction delay derived from paced atrial events; and means for 
evaluating a AP-VP delay based on a comparison of AP-VP^ and AP-VP 2 . 

A system as claimed in any preceding Claim, characterised by an external programmer arranged to determine the 
atrioventricular delay value, based on IEGM signals received from the implantable device and surface EKG signals 
received from a surface EKG device. 

A system as claimed in any preceding Claim, characterised in that the implanted device determines the atrioven- 
tricular delay value based on IEGM signals. 

A system as claimed in any preceding Claim, characterised in that the means for determining an inter-atrial 
conduction delay for the patient comprises detecting the end of at least one atrial event in an A-IEGM signal by: 
means for detecting the onset of the atrial event in the A-IEGM signal; means for opening a detection window within 
the A-IEGM signal; means for setting positive and negative threshold values; means for identifying a last point in 
time within the detection window at which the A-IEGM signal falls outside the threshold values; and means for 
identifying the last point in time as being the end of the atrial event. 

A system for determining an atrioventricular delay value for use in delivering cardiac pacing therapy to the heart of 
a patient in which an implantable cardiac stimulation device is implanted, the system comprising: a telemetry unit 
operative to receive atrial and ventricular intracardiac electrogram (IEGM signals) from the implanted device; a 
surface electrocardiogram (EKG) input unit operative to receive surface EKG signals; and a programmer-based 
atrioventricular delay optimization system operative to determine an inter-atrial conduction delay for the patient 
based on a comparison of atrial IEGM signals and surface EKG signals, determine an intrinsic atrioventricular 
conduction delay for the patient based on the atrial and ventricular IEGM signals, and to then determine an atriov- 
entricular pacing delay value based on the inter-atrial conduction delay and the intrinsic atrioventricular conduction 
delay. 
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EVOKED RESPONSES 



FIG. 



3 (RETURN TO FIG. 2^ 
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DETERMINE INTRINSIC ATRIO- 
VENTRICULAR CONDUCTION DELAY 




IDENTIFY PEAK (AS PEAK ) OF 
INTRINSIC ATRIAL DEPOLARIZATION 
WITHIN A-IEGM 



IDENTIFY PEAK (AP PEAK ) OF 
ATRIAL EVOKED RESPONSE WITHIN 
A-IEGM 



IDENTIFY PEAK (VS LPEAK ) OF 
INTRINSIC VENTRICULAR 
DEPOLARIZATION WITHIN V L -IEGM 



IDENTIFY PEAK (VS L PEAK ) OF 
VENTRICULAR EVOKED RESPONSE 
WITHIN V.-IEGM 



IDENTIFY PEAK (VS R PEAK ) OF 
INTRINSIC VENTRICULAR 
DEPOLARIZATION WITHIN V R -IEGM 



IDENTIFY PEAK (VS RPEAK ) OF 
VENTRICULAR EVOKED RESPONSE 
WITHIN V R -IEGM 



AS-VS L = AS PEAK -VS L . PEAK 
AS-VS R = AS PEAK -VS R . PEAK 



AP-VS L = AP PEAK -VS L . PEAK 
AP-VS R = AP PEAK -VS R ., 



PEAK " vo R-PEAK 



AS-VS = MIN ( AS-VS L , AS-VS R ) 



AP-VS = MIN ( AP-VS L , AP-VS R ) 



AVERAGE AS-VS VALUES OVER 
MULTIPLE SENSED ATRIAL 
DEPOLARIZATIONS 



AVERAGE AP-VS VALUES OVER 
MULTIPLE EVOKED RESPONSES IN 
ATRIA 



RETURN TO FIG. J 



FIG. 4 
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DETERMINE PREFERRED 
ATRIOVENTRICULAR DELAY VALUES 




. OR SENSING 



SET OFFSET: 

OFFSET = 30 MS IF AS W|DTH > 100 MS 
OFFSET = 60 MS OTHERWISE 



SET OFFSET: 

OFFSET = 30 MS IF AP^^ > 120 MS 
OFFSET = 60 MS OTHERWISE 



AS-VP,= 

a * ( (AS-VS) - (AS-AS) ) +AS WIDT 



AP-VP, = 

a * ( (AP-VS) - (AP-AS) ) +AP wlDTH 



AS-VP = AS-AS + OFFSET 



AP-VP 7 = AP-AS + OFFSET 



PREFERRED AS-VP DELAY = 
MIN(AS-VP,, AS-VP 2 ) 



(OR, OPTIONALLY, EITHER JUST AS- 
VP, OR AS-VP 2 ) 



PREFERRED AP-VP DELAY = 
MIN(AP-VP,, AP-VP 2 ) 

(OR, OPTIONALLY, EITHER JUST AP- 
VP, OR AP-VP 2 ) 



(RETURN TO FIG. 2) 



FIG. 5 
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interrupt 



time 
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time 



•fiii i c 



detection window 



FIG. 7 
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^ IMPLANTED DEVICE^ 



SENSE A L -IEGM, A R -IEGM, V L -IEGM AND 
V R -IEGM SIGNALS VIA LEADS IMPLANTED IN 
HEART 
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DETERMINE INTRINSIC INTER-ATRIAL 
CONDUCTION DELAY BASED ON COMPARISON 
OF A L -IEGM AND A R -IEGM SIGNALS (FIG. 9) 



)[ ^304 

DETERMINE INTRINSIC ATRIOVENTRICULAR 

CONDUCTION DELAY BASED ON COMPARISON 
OF A R -IEGM, V L -IEGM AND V R -IEGM SIGNALS 

(FIG. 4) 
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DETERMINE PREFERRED ATRIOVENTRICULAR 
PACING DELAY VALUES BASED ON INTRINSIC 

INTER-ATRIAL CONDUCTION DELAY AND 
INTRINSIC ATRIOVENTRICULAR CONDUCTION 
DELAY (FIG. 5) 



ADJUST PREFERRED ATRIOVENTRICULAR 
PACING DELAY VALUES BASED ON RATE 
(FIG. 6) 
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PACE USING RATE-ADJUSTED 
ATRIOVENTRICULAR PACING DELAY VALUES 



FIG. 8 
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DETERMINE END OF 
INTRINSIC ATRIAL 
DEPOLARIZATION WITHIN 
A R -IEGM(AS R . END ) 



DETERMINE END OF 
EVOKED RESPONSE WITHIN 
A R -IEGM (AP R . END ) 



DETERMINE END OF SAME 
ATRIAL DEPOLARIZATION 
WITHIN A L -IEGM(AS LEND ) 



DETERMINE END OF SAME 
EVOKED RESPONSE WITHIN 
WITHIN A L -IEGM (AP LEND ) 
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AVERAGE THE 
AS L -AS R VALUES OVER 
MULTIPLE SENSED 
DEPOLARIZATIONS 



AP L -AS R = AP L . END -AP R . 



AVERAGE THE 
AS L -AS R VALUES OVER 
MULTIPLE EVOKED 
RESPONSES 
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^ RETURN TO FIG.6 ^ 



FIG. 9 
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